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THEORETICAL STUDIES OF SOUR-PUMPED LASERS 


By 

Wynford L. 

SUMMARY 

Thia report ••annuiricea work performed under NASA grant No. NSG 1368 
during the period from July 16, 1981 to January 15, 1982. Two important 
problema concerning aolar-pumped laaera were inveatigated: 

(1) Couiparing experimental reaulta from pulae experimenta with ateady^ 
atate calculationa. "Time Varying Behavior of an IBr Laaer" pre- 
aenta a aimple analyair which takea account of the behavior va. 
(:ime. The analyaia i'4 only approximate, but indicaten that condi- 
tions occurring in a pulsed experiment are quite different from 
those at steady state. 

<2) Determining whether steady-state lasing is possible in an IBr 

laser. This requires examining the effects of high temperatures on 
the quenching and recombination rates. Although uncertainties in 
the values of the rate coefficients make it difficult to draw firm 
conclusions, it seems steady-state running may be possible at high 
temperatures. 
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Aj unit cross section 

C number of times the solar radiation has been concentisted 

c velocity of light 
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* Professor, Department of Physics, Old Dominion University, Norfolk, 
Virginia 23508. 


d 

h 

k 


kl , IQ , k3 , k>* , 

i 

n 

P 

Si 

Si’ 

T 

t 

X 

a 

S 

D. 

X 

AX 

X a 
P 

P^^v 

Oa 

V 

t(x) 


depth of laaer 
Planck'a constant 
BoltEinann'a constant 

quenching rate coefficients 

quenching rate vs. temperature 
absorption length 
number of passes through the gas 
pressure, torr 

production rate 
source term 
temperature, Kelvin 
t ime 

position 

temperature effect 
function of a 
conductivity 
wavelength 
bandwidth 

X at peek absorption 
gas density 

heat capacity 
cross section 
frequency 
solar radiance 


2 


TIME- VARYING BEHAVIOR OF AN IBr LASER 


The purpoee of this snslysis, which is approximate, is to illustrate 
the difference between a pulsed and a stead^state IBr solar-pumped laser. 

We shall consider variations with time, but assuute lasing does not occur, 
and estimate whether inversion is possible. 

A flow chart for the processes occurring in an IBr solar- pumped laser 
is shown in figure 1. The IBr pressure is assumed sufficiently great so 
that almost all of the incoming radiation is absorbed, each photon of which 
dissociates the IBr into I * Br*. If complete mixing of the Br* occurs 

through the volume, the rate of production of Br* is — where C is the 

number of timen the solar radiation has been concentrated, ^(X) is the 
solar radiance in photons (cmT^s* ^A" ^) , and AX, the absorption bandwidth 
in A. If quenching by IBr dominates the loss processes just prior to 
attaining inversion, then the rate equation for Br* is approximately 

5-i- k,3r*UBt) (1) 

where is the quenching rate coefficient. 

Neglected are quenching by I2, Br2> and He which may be present. The 
amounts of T2 md Br2 present should be small because they are photodis- 
sociated and quenching by He is probably negligible. Three-body recombina- 
tion of Br* with I and spontaneous emission are also assumed negligible 
compared with the quenching. 

The rate equation for Br is approximately 

Ip- - kjBr*'TSr) - k(j(l)(Br)(IBr) - kgBrdBr) - kgBr(IBr)2 (2) 

" kioBr(IBr)He 

The Br is produced by quenching Br* with IBr. Neglected are the rates for 
Br* quenched by I2, Br2, and He for the same reasons as above. Three-body 


Tha last thraa tarns 


raconbinat Ion occurs with a rata coefficiant kg. 
raprasent axchanp.a raactions which ramova Br by forming Br 2 > Tha first 
suggestion for including exchange raactions was made by W. Meador (raf. 1), 
who pointed out the reaction 

kq _30 (■ , 

Br ♦ 2IBr ♦ I Br 2 ♦ IBr ; kg*lO cm^s * 

This reaction is three-body. A two-body exchange reaction was described 
by Clyne and Cruse, who claimed they had measured the rate coefficient for 
the reaction (ref. 2): 

kfl “ H , _ , 

Br ♦ IBr I + Br 2 ; kg - 3.5 >» 10 cm^s * 

However, doubt exists whether this exothermic reaction is possible, as 
0.2 eV of energy has to be removed. It will be shown later that the high 
value of kg is not compatible with measurements of kj as kj - kg has 
to be positive. 

If the three-body exchange process with IBr as the tLird body is 
possible, then it is suggested that, if an appreciable amount of He is 
present, the exchange process: 

kiA 

Br + IBr + He ♦ Brj ♦ I He; kjg - 10 cm*e * 

where the value of kjg is guessed. Recombination where Che third body is 
I 2 , Br 2 , or He is neglected. 

Equation (1) yields the approximate time behavior of Br*: 

1 - exp (- kj(lBr)t) 



Br* » 


dki(lBr) 


(3) 


For niall e, 


t 

Br’* - — — ; t miall 


(4) 


and for large t, the Br* reachea a saturation level independent of time: 


C^4X 

"* • jk, (ir) ‘ 


(5) 


For small t, the first term on the right in equation (2) will dominate. By 
neglecting all other terms, and integrating using equation (4), then 

K,(IBr)C(>4X t^ 

hr “ g 2 — (6) 


Thus, the inverted population Br* - Br/2 is given by: 


Br* - 


Br 

2 


C(|i4X / 

-T^(‘ 


kj(IBr)t 

5 


) 


t 


(7) 


Br 

The equsrion is very approximate and the function Br* -* — ^ is represented 

. Bv 

by a parabola displaced from the origin. The quantity Br* - — j grows with 

4 

time, but then decreases to zero in a time of order (ig Ty* Assuming kj ■ 


1(T 
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cm^8~^ (ref. 3) and a pressure of 10 torr, the calculated cime is of 
order 20 ps, somewhat smaller than the observed experimental times of 45 ps. 


Despite the approximation, the result is included here as it clarifies 
one important asp<ict: On the above assumptions the population of the lower 

laser level, Br, is formed from Br*, which fills up first. Equations (4) 
and (6) show Br* “ t, and Br “ t^, so for small t, Br* > Br . 

The above analysis is an oversimplification and, as equat on (2) is 
nonlinear, the set was solved by computer and plotted graphically in figure 
1. The values assumed are C ■ 10**, kj ■ 10" ^^cm^s” kg ■ 3 x 10“^®cm®s”^, 
and kg * 0 (for reasons to be explained later). The corresponding I3r pres- 
sures are 1, 3, and 3 torr respectively. In figures 1(a) and (b), no He is 
present; in *^igures 1(c) and (d), 30 torr of He is added. The plots show 
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Ch« inv«rc«d population Bt* - y- va. tima and alightly diffarant valuaa of 

kg are aaaumed. In figuraa 1(a) and (c), kg ii asaumad Co ba 1(T^^, and 
in figuraa Kb) and (d), kg ia aasiBaad to ba 3 x 1(T cn^a~ Caaea (a) 

and (c) choa Chat an invarCad population would ba maintained for a duration 
many tena of pit but caaea (b) and (d) show that Cha ordinate ataya poaitiva 
aa tima increaaea. Evidantly cha valua of kg ia critical, but ataady- 
atate running may ba poaaibla. 

The requirement Br* - > 0 ia a neceaaary but not aufficient condi- 

tion for laaing. The curvea ahould bear little relation to Che time 
beha/ior of the laaer light, aa Che loaa of Br* by atimulated emiaaion ia 
omitted. The laaer light profile would, however, be contained in time, 
within Che regiona the curvea are poaicive, and it aeema ateady-atate laaing 
ia at leaat poaaible. Aleo, in a pulaed experiment it may be poaaible to 
get laaing, although laaing would not occur in the ateady atate. In the 
experimenta at NASA with C ■ 10** (ref. 4), the laaer pulaea were of about 
43- pa duration at 1.5, 3, and 5 Corr of IBr and almoat independent of 
preaauie. The timea when the inverted population could exiat, ahown in 
figure 2, agree in order of magnitude. 

Care muaC be taken in comparing pulsed and ateady-atate conditions. If 
ateady-state running cannot be achieved, Chen one possibility is Co consider 
Q* switched lasers, where the input is continuous, and the output pulsed. 

The (:«ossibility of attaining a steady state is examined in Che next section. 

TEMPERATURE EFFECTS IN SOLAR- PUMPED LASERS 
Introduce ion 

The purpose of this section is to examine the possibility of running a 
stead 3 r state IBr laser. The new aspect to be considered is Che effect of 
high temperatures on the various rate coefficients, as high temperatures 
will occur anyway for high solar concentrations. The parameters of Che 
laser are also checked for compatibility with reasonable mechanical con- 
struction. 


The physical mechanism and condition for inveraion are discuaaed under 
"Phyiiical ProceRaea of the Laset The temperature of the lasing gas is 
then calculated (aee "Gas Temparature in an IBr Laaer"), follotied by a die> 
cusaion of its effects on quenching, dissociation, and recombination 
("Effect of Temperature on the Rate Coef f icinnta") . The population invet^ 
a ion condition for various temperatures is examined under "Speculat iona on a 
Steady-State IBr Laaer." 

Physical Processes in the Laser 

General . - k flow chart for an TBr * He solar- pianped laser is shown in 
figure 2 . The He is introduced to increase the three-body recombination of 
the lower level, Br , and yet have a low quenching cross section for B'**. 

The IBr is dissociated by the photons so that the rate of production of Br* 
per unit volume is S^(IBr) where (IBr) is the molecular density. The Br* is 
quenched by IBr, He, and I2 v;ith rate coefficientn kp k2, and kj. It 
also recombines with I where IBr and He act as third bodies, with coeffi- 
cients k^ and kg. The Br, representing the lower laser level, is created 
if Br* is quenched, spontaneously emits (the rate is negligible), or if 
lasing occurs. It is removed by recombination with I where IBr or He acts 
as a third body with rate coefficients kg and k^, respectively, and by 
the e>ichange reactions mentioned earlier ("Time-Vary* "g Behavior of an IBr 
Laser") with coefficients kg, kg, and k^Q. 

Numerous approximations have been made, as the intent here is to obtain 
results correct in order only It is assumed that the densities of IBr and 
He will be much greater than those for I2 and Br2> I and Br will te created 
by thermal dissociation at high temperatures and then wil!. recombine to form 
IBr, I2 , Br2« The error in neglecting the effect of I2 and Br2 as third 
bodies would be expected to be small. However, quenching by 1 2 should be 
included, as at room temperature the rate coefficient for I2 is 60 times 
greater than for IBr. 
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The rate equationa for Br* and Br are 


- Sj(IBr) - kiBr*(IBr) - kjBr^CHa) - kjBr^dj) (8) 

- k^Br*I(IBr) - k5Br*(I)(Ha) - A^Br=» 

SjdBr) ♦ kjBr^dBr) ♦ k2Br*(He) ♦ k3Br*(l2) 

- kgBr(lHlBr) - k7Brd)(He) ♦ A^Br* - kgBrdBr) 

- kgBr(IBr )2 - kjgBrHe ( 9 ) 

The 82 aource term repreaenta Che reacCion hv 'f IBr Br * I, and, 

for IBr, $2 ia approximately sero. The Einatein coefficient A^ ■ 1 and 

apontaneoua emiaaion ia negligible. 

We ahall conaider Che caae where inveraion juat becomea poaaible, 
because this can be solved simply. Inversion is just possible «dien 

B* > -21 ( 10 ) 

2 

Tile factor 2 enters because the B* is in a ^Pj/2 with a degen- 

eracy of 2 , while the Br is in a ^^3/2 state with a degeneracy of A. The 
condition for inversion is less stringent Chan for lasing, whicn requires 
finite gain to overcome laser losses. It is a necessary but not sufficient 
condition for lasing; but if not satisfied, lasing is impossible. The cal- 
culaCioii avoids the inclusion of stimulated emission, which has not started 
yet. A quasi-static condition is envisaged with C slowly increased; hence 
steady- state conditions are assumed. 

The absorption process . - The source term of Br*, SjdBr), is calcu- 
lated assuming an absorption cross section constant over a bandwidth 

AA and zero outside Che bandwidth. The effect of a ( A) being a Gaussian 
a a 

is considered later. Assuming Chat Che number of photons absorbed between a 
depth X and x dx is proportioned to o^, and Co Che density of the 




8 


absorber ^TBr), then the intensity of radiation in the absorber will decay 
exponentially with an abaorption length i ■ ((IBr)o^)~* ■ lOO/p where p is 
the IBr prassurr in torr. Assuming that the Br* undergoes complete mixing 
and its density is approximately constant throughout the volume i then the 
rate of production of F"* per unit volume is 


dBi* 

dt 


C^(X)AA^ 

d 



(ID 


The quantity n is the number of passes through the gas; a reflector 
on the far side (n ■ 2) would help conaiderably in getting an even distribu- 
tion of Br*. For example, for n ■ 2 and t ■ d, the varia.:icn in 

O b 

throughout the volune, even if there were no mixing, would be about 30 
percent . 

In the case of i >> nd and the exponent small, equation (ll) shows 

» nC^AX 0 (IBr) (12) 

dt 


The cross section a equals ■ ^ • where Aj 3 

* 4it^cAXj 

coefficient for the transfer from level I to level 3 of 
the wavelength at peak absorption, c the velocity of 
the absorption bandwidth as before. In this case 


is the Einstein 

the laser, X^ 
light, and AX^ 


dt 4x^c 


(13) 


independent of AX, and d, the case of an optically thin absorber. Few 


photons sro sbsorbsd psr unit distancsi and is roughly constant with 

position X. The geometry of the solar laser is described by n and C, 
the ratio of reflector to absorber cross section. The absorbing material is 
described by Xg, which determines the magnitude of 4( X) , and In- 

creasing the pressure (IBr) increased the rate. 

If t « nd, then equation (11) shows 


dBr* 

dt 


d 


t « nd 


(14) 


.’ill the photons are now absorbed. The rate of absorption is high on the 
near side, and approaches zero un the far side of the absorbing vessel. The 
redistribution of Br* by diffusion and/or mixing over a distance d is 
assumed, so equation (14) gives an average value. 

The production rate is now independent of the pressure and, to be con- 

I 

sistent with equation (1), we define a new source term, S^dBr): 


, C(>AX (IBr) 

Si(IBr) 2- (15) 

d(IBr) 


and the ratio of the two source "erms is 


- ndo (IBr) - ilEi (16) 

• * Kn 


The quantity npd is proportional to the total number of absorbing 
atoms a photon would meet in crossing the vessel n times and a similarity 
law is obeyed. 

In actual practice it would be expected that the conditions would be 

t 

intermediate between Sj and Sj. To obtain appreciable absorption, we 

f 

need £ » nd, and, for n • 2, d ■ I, and p ■ 50 torr, then Sj and Sj 
are comparable. 
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The "absorption ef<^iciency" it defined as the ratio of total 
flux absorbed to total flux received. For th$< optically thin cate, 
n > no (IBr)d ■ 2 x n(,(j {g much less than if t, >> nd. For the 

A A 

optically thick case, I « nd, n/^ 1 . 

The effect of assuming Og was constant over an absorption bandwidth 

ds 

instead of being a Gaussian was investigated. The quantity ^ per unit 

distance, where S is the rate of absorption events, was compared for the 

dS 

two cases. If a and ^ wer« constants, then -r-~ would be proportional 
a ax 

to exp[-Og( IBr)x] . The variation of ^ with X and the Gaussian shape 
of the cross sections are shown in figure 3, where variations with tempera- 
ture are also included (ref. 5). A.>8uming T " 300 K, a more accurate value 

of 4~ vs. X was obtained: 
dx 


— ■ (IBr)o (X)(ji(X) exp(-(IBr)o (X)x]dX (17) 

dx o ® ® 

The integral was performed by computer and ^( X) vs. X was stored. 

dS 

For the correct Gaussian cross section, at x ■ A, was about 30 percent 
higher than the case where Og was a square cross section. AL x ■* 2A, it 
was twice as high for the Gaussian cross section, as less photons were ab- 
sorbed from the wings where the cioss section was small. Hence, in our 
equations, the constant Og should be reduced by a factor of order or 
less than 0.5 from the peak value assumed. 

Condition for iriversion . - Equations (8) and (9) can be considerably 
shortened if we define the ratio of He to IBr as a ■ He/IBr, and assume that 
the amount of I 2 is determinec’ by dissociation obeying the law of mass 
action. The dissociation coefficient D ■ 12 /IBt is a function of tempera- 
ture, which is known. 

The quenching of Br* by IBr, He, and I 2 in equations (8) and (9) can be 
represented by a single coefficient kq: 


ok' 


Dk: 


1 1 


kg - kj 


•V 


(18) 


and the racombinat ion of Br* with I whera both IBr and Ha act as third 
bodiaa can ba rapraaantad by a aingle coaffici'^nt k^: 

k* - k, ♦ c*5 


Similarly, tha racombinat ion of Br and I, whara both IBr and He act aa third 
bodiaa, can ba praaantad by a aingla coafficiant 

kjj - ke ♦ “k? ^20) 


and the three exchange reactiona by a aingle coefficient kg: 
kg ■ kg ♦ (IBr) (kg ♦ “kjQl 


( 21 ) 


In the steady atate, eqr^ationa (8) and (9) become 

Sj • kpBr* * k*(IBr) (22) 


0 - (k^ - kg) Br* - kg(IBr) 


(23) 


It should be noted that kq depends on a, and the temperature T, 
because of the formation of l 2 > The coefficients kp and kp depend 
on a, and may also depend on T, a behavior that will be discussed later. 
The exchange reaction coefficient kg depends on the IBr pressure and on 
a. In addition, conservation of species exists: I 2Ij ■ Br Br* 2Br2* 

The expression can be simplified by assuming I 2 “ Br 2 and/or that these 
species will be dissociated, and it therefore becomes 

I » Br ♦ Br* (24) 

Equations (22), (23) and (24) yield the critical value of Sj required 
to make Br* ■ y- : 

* I (25) 

2 k ^ 
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We fhall first consider Che case where Che exchange reactions are neg- 
lected and let ♦ 0. If k^, kg “ 10“^^ (ref. 5), and kg, k^ ■ 10 " 30* 
and k 2 is negligible, 


(kj+ DK3>3 

“ 2 (kg V CK 77 


(26) 


and if a » 1 , 

(kj+ DKg)^' 


Si - 


2 k- 


I 

a 


(27) 


The value of Si which is proportioned to C is reduced if a ■ (He)/(IBr) is 
increased. The value of Si is related to Che concentration factor C, which 
must not exceed a number of around 2,00'J, because of overheating of the struc- 
ture of the laser. Trom equation (12), Si ■ nC^dXgOa » 3 x 10" ^C, and 
this value will be approximately true in tne regime when £ » d. If we assume 
k, ■ 10"^^ (ref. 3) and the above values of 10"^® for k 3 , kg and k^, then 
witt. no helium, (a ■ 0), and D > 0, the value of C just to achieve inversion 
is 5 X 10®. If o ■ 100, C “ 5 X 10**. These values are much higher than expe- 
rimental values for roughly Che same conditions, which were C 10**, but the 
experiments were done under pulsed conditions. 

If the exchange reactions are included, lower values of Si and C 
are obtained, as these reactions deplete the lower laser level. Neglecting 
kj^* with respect to k^, equation (25) becomes: 

(k -k ) [(ki + Dk 3 )-(kg ♦ (IBr)(kg + okk,)] 

Sj - — - k (ki*Dk 3 ) (28) 

2 k' ^ "7 “ 

Now 1^ “ has to be positive, and with the values ki “ 10" it 
seems unlikely that kg is as high as 3.5 x 10"^^. If kiQ ■ 10"^°, Chen, at 
3 torr (IBr) and a ■ 30, then kg is again comparable with 
specCive of kg. Increasing a lowers C, and accordingly the poesibility 

^Values of k,, and kg are assumed Co be the same as for a similar reaction 
in I 2 taken from reference 6 . 


kq, irre- 
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of introducing He at 10 or more timea the preaaure (IBr) ia auggeated. there are 
t%)o reatrainta: firat, if the (IBr) ia at a preaaure of tena of torr, then the 

total preaaure ahould not exceed limita that would break the veaael; aecond, 
quenching by He may now occur. However, the intent ia for He to provide more 
third bodiea to increaae the recombination rate of Br, yet not quench the Br* . 

The value of C would be lowered if the quenching were reduced (C * ICq) ■ 

and thia occura at high temperaturea. Unfortunately the recombination ratea are 

alao affected, aa will be aeen later. 


Gaa Temperature in an IBr Laser 

The temperature of the lasing gas can be roughly estimated assuming all 
the photon energy is deposited in the gas, and the heat produced is conducted 
to the walls of the containing vessel by gaseous conduction. The walls are at 
a temperature T„ and are thermally connected with a radiator into space. 

Above about 1,000 K, the gas would also act as a blackbody radiator. 

The heat conductivity of a single gas k ia given by k ” XgjCpC^/3 
where is the mean free path, c is the average random velocity, p 

is the gas density, and Cy is the specific heat at constant volume or a single 

molecule. As k « X p, k is independent of pressure. The quantity (Xt/S) is 

m m 

the diffusion coefficient of a molecule in its own gas, and (pCy) is the heat 
capacity per unit volume; hence, the heat conduction process is a transport of 
the heat content by molecular diffusion. The conduction in a mixture of gases 1, 
2, 3 is due to all the species diffusing through the mixture and the effective 
conductivity is (ref. 7): 


ic ■ ki 


\ C* \ mj 


C 

V: 


C 




1 + a — + 


(29) 
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Here ia Che conductivity of gas 1, a the ratio (gas 2)/(gaa 1), b ■ 

(gas 3)/(gas 1), m ■ molecular weight, ■ specific heat at constant volume 
per g, and a “ elastic cross section. As k ■ c, it depends on Che tempera- 
ture, k “Vt/ 273 . The conductivity of He at room temperature is 3.27 x 10"** cal 
s'^cm**^ (ref. 8); Chat of IBr is not available, but by extrapolation from other 
halogens is probably about 9 x 1(T ® cal s"^cm"^, a value about 300 times smaller 
Chan that of He (ref. 1). Expressing the heat conductivity of an IBr-He mixture 
in terms of the conductivity of IBr, then at temperature T approximately: 


X “ 9 X 10“ ® 



1 * 3.224a 
1 ♦ 5.57 X 10 t2 




(30) 


where B is defined here. The cross section for IBr was extrapolated from that 
of CI 2 (ref. 9). A plot of x vs. a for T ■ 300 K is shown in figure 4. 

Assuming all the heat Q deposited by Che photons flows across unit area 
Aj through a distance x (one-dimensional geometry), then from equation (30): 

dQ A, 2 / \ 

L e — ^ (t3/2 - T 3/2) ( 31 ) 

dt X 3y 273 ' ” ' 


where T is the temperature of the hot region, T^, that of the colder wall. 

The unit cross section Ai is introduced because Ai/x is a parameter describing 
the relative distance the heat must travel (e.g., if Aj ■ 1 cm^, d ■ 1 cm, and 
the heat were uniformly deposited throughout the vessel of depth d, then x “ 
d/2 ■ 1/2, and Aj/x ■ 2). The treatment can be extended to several dimensions as 
Che heat flow is a diffusion process. However, it is sufficient here to get 
rough estimates of what temperatures are achieved in Che center of the gas. In 
equation (31), ^ can be expressed as the total heat deposited per unit area; if 
all the photons are absorbed, this is where C, the average energy of 

Che photons, is approximately 5 eV. Then 


T 

w 


8.179 X 10’2c 


2/3 


15 


X a 


3/2 


6 (Aj/x) 


(32) 


The temperature in the center of the gas depends on T,, for which we shall 
assume arbitrary values, on C, a He/(IBr) (which determines B), and the 
geometry of the laser in A^/x. Plots of T vs. a and C were made by 
computer. The value a was varied from 0 to 100 and C from 0 to 2,000; 
increasing a serves to lower T, while increasing C raises it. Values of 
C required to raise T to 1,000 and 1,500 K are shown in table 1 for values of 
A^/x of 1, 4, and 8 — the latter achieved by cooling plates. The values of T^ 
chosv^n were 400 and 800 K. This table is for illustrative purposes only, as 
above 1,000 K, the gas would behave as a blackbody and radiation according to 
Stefan's Law would dominate. Hence, the values of C for T " 1,500 are too 
low. 

Table 1. Approximate values of C that would raise T to 1,000 and 1,500 K 
(blackbody radiation neglected, a ■ 100). 


T 

w 

A jx 

Value of C to 
1,000 K 

Raise T to 
1,500 K 

400 

1 

150 



2 

260 

550 


4 

520 



8 

1,000 

>2,000 

800 

1 

~ 40 

200 


2 

120 

400 


4 

200 

800 


8 

400 

1,600 


Th^ rough one- dimensions I argument implies that very high temperatures can 
occur in Ihe gas and, if C 2000, then temperatures of well over 1,000 K should 
be attainable in a vessel with d ■ 1 cm if most of the photons are absorbed. 
Possible effects of such high temperatures on the laser are next discussed. 

Effect of Temperature on the Rate Coefficients 

General . - Temperatures can have drastic effects on quenching and recombina- 
tion rates. In the case of IBr, dissociation creates I, which then forms l 2 > 
which has a very large quenching cross section. The effect of temperature on 
exchange reactions is not known. 
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Quenching . - Unfortunately, experimental data on the effect of temperature 
on the quenching of Br* by IBr or I2 ere not available. The poasible analogous 
case of quenching of by I2 was reported by Katasaef et al. (ref. 10). They 
measured the quenching coefficient vs. temperature and up to about 1,000 

K: 

k.j. - 8 * 10" exp (-4.4 x 10 " ^t) cm^s"^ (33) 

with T in K. For example, k3gg ■ 2.14 x 10"^^, compared with a literature 
value of 3.6 x 10"^1 (ref. 3). At 1,000 K, k jggg Is 20 t imes lower. If a simi- 
lar dependence occurred for the quenching coefficient of Br* by IBr or I2, the 
high temperatures would prove advantageous. 

Thermal dissociation and formation of I9 . _ The amount of I2, with its high 
quenching cross section, present due to thermal dissociation of IBr, is given by 
(ref. 10): 

(I2)1'2 (Br2)^^2 (j^) 

D ■ (34) 

(IBr) (IBr) 


as (I2) " (Br2). The coefficient D is obtained from the law of mass action: 



(35) 


when AG is the free energy and k is the Boltzmann constant. The free energy 
has been measured (ref. 10): 

AG - -1.270 - 1.7449 T (36) 

A plot of (l2)/(lBr) vs. T (fig. 5) shows that the ratio is 0.2 at 1,000 and 
0.3 at 2,000 K. However, the conditions in the laser may be quite differ>>nt be- 
cause of photodissociation; the absorption cross section for I2 is three times 
higher than for IBr. By including D in equation (26), the calculated will 

be higher — a pessimistic value. By making D ■ 0, with all the I2 dissociated, 
the effect of I2 can be estimated. The two cases will be compared later. 
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R€conbin«t ion . - At 300 K the recombination rate for I ♦ Br with a 
third body prese')t ia of order 10"^®, whereaa that for I ♦ Br* ia on the 
order of 10"^^ (ref. 6 ) — the higher energy of the Br* makea the recombina- 
tion leaa likely. 

Taylor and Rapagnani (ref. 6 ) have reported meaaurementa of the recom- 
bination ratea for: 


I ♦ 


I ♦ I 2 ♦ 


21 . 


•*7 

I ♦ I + He ♦ Ij + He 


The coefficienta kg and k^ are analogous to kg and k.^ used 
before, where I recombined with Br and the third bodies were IBr and He. 
These authors state that measurements of the coefficients vs. temperature 
showed : 


kg - 1.1 X 10-15 j-5.884 (37) 

k 7 - 8.3 X 10*29 3^-1.716 ( 33 ) 


The two coefficients both show a steep fall as T increases. The 
value of k 7 at 300 K is 4 x 10 " ^3, while the k 7 assumed here is 3 x 
10" 5®. It is apparent that more accurate numbers are required. 

SPECULATIONS ON A STEADY- STATE IBr LASER 

The required C for steady lasing is given by equation (25), but un- 
certainties in the rate coefficients make it difficult to draw conclusions. 
Temperatures of over 1,000 K could be easily realized, which should reduce 
quenching, but the recombination rates and the exchange reaction rates may 
also change. 
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If Che quenching nf Br* by IBr end I 2 obey* eiailar lews Co Che quench- 
ing of I* by I 2 I Chen, sfcer normelizing Co room CempereCurs values, Che 
values would be ■ 3.7 x 10-12 exp(-4.4 x 10“3 T) and kj - 8 x 10-H 
exp(-4.4 * 10~^ T). On Che assumpcion Chac Che quenching is reduced buC 
ChaC Che recombinacion races do noc change wich CempcraCure, escimaCes indi- 
caCe chac, if C ■ 2,000 is a pracCical upper limic, Chen lasing should be 
possible for T « 1,000 K, a ■ 100, even if Che exchange rcaccions are neg- 
lecCed. 

The effecC of I 2 quenching Che Br* is slso escimaced by assuming a 

dissociacion which overesC imaCes Che densicy of I 2 vrhen compared wich D ■ 0. 
AC higher CemperaCure more I 2 is formed; neverCheless, iCs quenching race is 
drasCically reduced so Che effecC on Che value of C is noC greaC. The 
esCimaCes are Co be regarded as highly speculaCive as Che recombinacion race 
is assumed independenC of T. 

On Che ocher hand, if Che recombinacion races for 1 Br IBr and I 
Br + He obeyed equ 2 ’’rons (37) and (38), Chen steady lasing would be possible 
only if Che exchange reactions depleted Che lower level, and their depend- 
ence on CemperaC.re is not known ac present. 

CONCLUSIONS 


The analysis of Che C ime -varying behavior of an IBr laser seems to 
explain why lasing is possible under pulsed conditions, yet may be impos- 
sible in Che steady state. It is apparent that care must be taken in com- 
paring pulsed and steady-state conditions. 

The inclusion of the exchange reactions lowers the calculated values of 
C from the values when they are neglected. Unfortunately, the rate coef- 
ficients are not known Coo well. 

High Cenq>eraCures, which are going to be unavoidable, may cause Che 
4 U?nching and recombination rates to vary drasCically. At present, insuf- 
ficient data exists on IBr to draw reliable conclusions, and there is an 
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•cute need for reliable meaeuremente of Che rate coef f ic ienCa , eepecially aa 
funcciona of temperature. If these could be meaeured, then the method here 
makee it posaible to eatimate whether laaing ia poaaible. It ia apeculated 
chat if the quenching of Br* by IBr ia reduced, but the recombination ratea 
•re not greatly changed, thei. ateady-atate laaing may be achieved. On the 
other hand, if the recombination ratea behave like thoae of iodine, then 
ateady>ataCe laaing may be impoaaible. 

It ia aaaumed here chat moat of the aolar radiation ia abaorbed and 
that conaiderable diaaociation and recombination occur. Continuoua flow 
<yaCema should aU'o be conaidered. 
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1 torr 


p(IBr) ■ 1 torr 


'p(IBr) ■ 1 torr 


p(He) ■ 30 torr 



p(lBt) ■ 1 torr 


p(He) - 30 torr) 


t (sec) 
(c) 


t (sec) 


Plots of Bj* _ Er/2 vs. time for an IBr solar-puraped laser at 
pressures of 1, 3, and 5 torr. The solar concentrat Isn C ■ 10**, 
kj ■ 10" ^^cm^s" ^ , kg ■ 3 X 10” ^°ctn®s~ ^ , kg ■ 0. Effect of 
changing the value of kgt no helium present - (a) kg ■ 
KT^^cm^s”^, (b) kg ■ 3 X 10"^®cm®s“^; with 30 torr He present - 

(c) kg - 10-30cm68”l, (d) kg - 3 X IQ-SOcinVl. 













Figure 4. Plot of the heat conductivity ic of a He-IBr mixture 
in terras of He/lBr. 






